The effect of angiotensin converting enzyme inhibition with captopril (10 mg/kg i.v.) on CBF autoreg ulation was studied in 16 spontaneously hypertensive rats (8 control and 8 treated with captopril) sUbjected to acute cervical sympathectomy. CBF was measured repetitively by the intra-arterial I33Xe injection method, during the manipulation of MABP by norepinephrine or hemor rhagic hypotension. Prior to the administration of drugs, baseline MABP was 112 ± 10 mm Hg in the control group In previous studies in spontaneously hyperten sive rats (SHR), a unique effect of angiotensin con verting enzyme (ACE) inhibition on CBF autoreg ulation was demonstrated: unlike other classes of antihypertensive drugs (Barry and Lassen, 1984), acute administration of the ACE inhibitor captopril shifted the lower and upper limits of CBF autoreg ulation to lower blood pressure levels with no change in baseline CBF (Barry et aI., 1984).
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In previous studies in spontaneously hyperten sive rats (SHR), a unique effect of angiotensin con verting enzyme (ACE) inhibition on CBF autoreg ulation was demonstrated: unlike other classes of antihypertensive drugs (Barry and Lassen, 1984) , acute administration of the ACE inhibitor captopril shifted the lower and upper limits of CBF autoreg ulation to lower blood pressure levels with no change in baseline CBF (Barry et aI., 1984) .
Although it was speculated that the effect of cap topril was caused by a reduction of the angiotensin II-induced tone in the larger cerebral arteries (Barry et aI., 1984) , the mechanism for the observed effect of ACE inhibition on CBF autoregulation remains to be clarified. Since the renin-angiotensin system interacts with the sympathetic nervous system (Zimmerman, 1978) , the effect might result from in hibition of cerebrovascular sympathetic tone, rather than direct inhibition of the angiotensin II induced tone in cerebral arteries. In that case, how-and 119 ± 11 mm Hg in the captopril group. Baseline CBF was 99 ± 19 ml/l00 g/min, with no difference in the two groups. In agreement with previous findings in rats with intact sympathetic nerves, the lower limit of CBF auto regulation was reduced from the MABP interval of 7�9 to 50--69 mm Hg by captopril. Key Words: Angiotensin converting enzyme-Autoregulation-Captopril Cerebral circulation-Sympathetic nervous system. ever, the effect of captopril would be abolished or reduced after de nervation of the cerebral sympa thetic nerves. The present study was performed to determine the magnitude of the effect-if any-of captopril on the lower limit of CBF autoregulation in SHR subjected to acute sympathetic denervation by bilateral cervical sympathectomy.
MATERIALS AND METHODS

Surgery
The study was carried out using 16 3-month-old male SHR (weighing 280 to 310 g). Anesthesia was induced with 4% halothane and maintained with 0.8% halothane in 70% N20 and 30% O2 by controlled ventilation at normo capnia. The animals were paralyzed with suxamethonium (=40 mg/kg i. v.) MABP was continuously monitored from a femoral arterial catheter, and PaC02, Pa02, and the arterial pH (pHJ measured using conventional micro electrodes (Radiometer, Copenhagen, Denmark). The cervical sympathetic trunks were identified and carefully exposed bilaterally after isolation from vagal tissue. The superior cervical ganglia were excised. The rats were then heparinized (=4,000 IE/kg i. v.) and prepared for CBF measurement with the intra-arterial 133Xe injection method as described in detail elsewhere (Hertz et aI., 1977; Waldemar et aI., 1989b) .
Autoregulation study
The rats were allowed to rest for 30 min after surgery, and then three resting CBF measurements were per-formed in each rat to confirm baseline stability. The val ues were averaged for the determination of the baseline CBF level in each rat. In one group of eight rats, captopril (10 mg/kg i.v. in 200-300 ILl of saline) was infused over 1 min, and blood pressure was allowed to stabilize for 15 min, the postcaptopril level being approximately 80 mm Hg. In the control group of eight rats, no drug was ad ministered prior to the autoregulation study. In order to delineate the autoregulation curve, a moderate and grad ual increase in arterial blood pressure was induced in both groups by the infusion of norepinephrine 0.025-0.5 lLg/min i. v., and then MABP was lowered gradually by controlled bleeding to approximately 40 mm Hg. CBF was measured at 10-20 mm Hg intervals. At each CBF measurement, the following parameters were recorded: MABP (mm Hg), CBF (ml/lOO g/min and % baseline), PaC02 (mm Hg), Pa02 (mm Hg), pHa' and body temper ature (TP) (0C).
Data analysis
The Wilcoxon two-sample rank sum test was used for intergroup comparisons of the baseline results and of the CBF values from the autoregulation study. All data sets (MABP, CBF) from the autoregulation study were grouped in 20 mm Hg intervals according to their MABP value. The lower limit of CBF autoregulation was defined as the MABP level at which CBF had decreased signifi cantly from the plateau level. The one-way analysis of variance and the Dunnett multiple comparison test were used for the statistical comparisons of each parameter in the six MABP ranges within each group of rats. The ref erence MABP range was defined as the range of MABP where CBF was closest to the baseline level. Differences were accepted as significant at p < 0.05.
RESULTS
Baseline
The mean baseline MABP was slightly higher in the captopril group (119 ± 11 mm Hg) compared to the control group (112 ± 10 mm Hg) (p < 0.05), but there was no difference in mean baseline CBP, which was 99 ± 18 mlll00 gimin in the captopril group and 99 ± 20 ml/100 gimin in the control group (NS). There were no significant differences in the remaining physiological parameters.
Autoregulation CBP autoregulation was intact in both groups, but as the blood pressure was lowered, the mean CBP remained highest in the captopril group during all MABP intervals (Table 1, Pig. 1). In the MABP range of 70-89 mm Hg, the mean CBP was signifi cantly (p < 0.0 1) higher than the mean CBP in the control group.
In the control group, the lower limit of CBP au toregulation was in the MABP interval of 70-89 mm Hg (p < 0.05 for change in CBP from the reference level). In the captopril-treated group, however, the lower limit of CBP autoregulation was reached in the MABP interval of 50-69 mm Hg (p < 0.0 1 for change in CBP from the reference level). Thus, in accordance with previous findings in SHR with in tact sympathetic nerves, the lower limit of CBP au toregulation was approximately 20 mm Hg lower in the captopril group, compared to the control group (Pig. 1).
DISCUSSION
The results of the present study demonstrated that following captopril, the lower limit of CBP au toregulation was shifted by approximately 20 mm Hg to a lower blood pressure level in SHR sub jected to surgical excision of the superior cervical ganglia. This effect of captopril was of the same magnitude as seen in previous studies in SHR with intact sympathetic nerves (Barry et aI., 1984) .
The intra-arterial 133Xe injection method for mea- MABP was increased with norepinephrine and then lowered by hemorrhagic hypotension in order to delineate the auto regulation curve. The lower limit of CBF autoregulation was defined as the MABP level at which CBF had decreased sig nificantly from control values. The lower limit was at the MABP level of 7�89 mm Hg in the control group and 5�69 mm Hg in the captopril-treated group.
surement of CBF is rapid, repetitive, and reproduc ible for the estimation of mean hemispheric blood flow and the cerebrovascular reactivity to various stimuli (Hertz et aI., 1977; Gross et aI., 1981) . Nor epinephrine causes a gradual and momentarily re versible acute hypertension, and does not per se affect CBF (Olesen, 1972) . MABP was increased to a maximum of 120-140 mm Hg to avoid exceeding the upper limit of CBF autoregulation and hence the risk of affecting the subsequent CBF measurements by hyperemia. The cervical ganglion was excised bilaterally in the present study. Although the sym pathetic innervation of the cerebral arteries arise primarily from the ipsilateral superior cervical gan glion, there is evidence for a considerable overlap at the circle of Willis (Auer and Ishiyama, 1986; Bus ija, 1986) .
The influence of the sympathetic tone on cerebral blood flow and its autoregulation has been inten sively investigated (Busija and Heistad, 1984) . Dur ing electric stimulation of the cervical sympathetic nerves, the limits of CBF autoregulation are shifted to higher blood pressures (Bill and Linder, 1976; Edvinsson et aI., 1976; MacKenzie et aI., 1979) .
This important effect, which tends to protect the brain against acute increases in blood pressure, is caused by caliber changes in the cerebral arteries.
Large pial arteries constrict, whereas intraparen chymal vessels undergo compensatory dilation a few minutes after the initial constriction. This ex plains the constant baseline CBF and the change in the blood pressure levels of the limits of autoregu lation (Harper et aI., 1972; Baumbach and Heistad, 1983; Auer and Ishiyama, 1986; Gotoh et aI., 1986) .
In accordance with previous findings (EklOf et aI., 197 1; Fitch et aI., 1975) , CBF autoregulation was not abolished by bilaterial cervical sympathectomy in the present study. The autoregulation curve from the denervated group of SHR differed only little from the one obtained in innervated SHR in a pre vious study (Barry et aI., 1984) . Generally, section ing of the sympathetic nerves tends to increase CBF during hypotension, thus shifting the lower limit of CBF autoregulation to lower blood pressure levels (Fitch et aI., 1975; Gross et aI., 1979; Sadoshima et aI., 1986) , although in some reports CBF was not affected (Mueller et aI., 1977; Marcus and Heistad, 1979) .
The present study concerns the effect of captopril on CBF autoregulation in hypertensive rats, be cause the major clinical relevance relates to the treatment of arterial hypertension, but similar re sults were previously found in normotensive rats (Barry et aI., 1984) . From a clinical point of view, the shift of the lower limit of CBF autoregulation, which has been observed following ACE inhibition, is important, because the brain will be more tolerant to acute reductions in blood pressure. In contrast, the shift of the upper limit might weaken the pro tection of the brain against acute increases in arte rial blood pressure. However, unlike in the experi mental studies conducted under anesthesia, acute hypertension in the awake human is associated with increased sympathetic nervous activity that attenu ates the effect of captopril on the upper limit of CBF autoregulation (Waldemar et aI., 1989b) .
Angiotensin II may be synthesized in blood ves sels, including brain arteries, and exert local influ ences on the vascular diameter and reactivity (Dzau, 1984 (Dzau, , 1988 . These effects include vasocon striction by either (a) direct activation of receptors on vascular smooth muscle cells, or (b) accumula tion of angiotensin in the areas of noradrenergic in nervation, which may increase sympathetic vascu lar tone. However, such a local interaction of the renin-angiotensin system with the sympathetic ner vous system was not totally blocked in the present experiment, since depletion of norepinephrine from the nervous endings requires chronic denervation.
Angiotensin II may also produce vasodilation by stimulating the degradation of the vasodilator thesis.
The effect of ACE inhibition on the limits of CBF autoregulation was thought to be related to a dila tion of the larger cerebral arteries caused by a re duction of a local angiotensin II-induced tonus in these vessels . A compensatory constriction of the smaller resistance vessels would leave the baseline CBF unchanged. However, dur ing a reduction in blood pressure, the greater dila tory capacity of the smaller vessels would shift the lower limit of autoregulation. The experimental re sults were supported by several clinical studies of the effect of acute or chronic ACE inhibition on CBF (reviewed by Waldemar and Paulson, 1989) . In all reports, CBF remained constant, or was slightly increased, despite a significant reduction of MABP (Rajagopalan et al., 1984; Frei and Muller-Brand, 1986; Paulson et al., 1986; Minematsu et al., 1987; Waldemar et al., 1989a) .
As an alternative hypothesis, the dilation of the larger cerebral vessels could be caused by a reduc tion of the sympathetic tone to these vessels, as a result of the inhibition by captopril of the stimulat ing effect of angiotensin II on the sympathetic ner vous system. The present results, however, indi cate that inhibition of the sympathetic nerves can not be the only mechanism for the effect of captopril on CBF autoregulation, since the effect of captopril is still present after excision of the cervi cal sympathetic ganglia. Thus, the present study provides further evidence for the existence of an angiotensin II-induced tone in the cerebral arteries.
